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ABSTRACT

CFD AND AERO-ACOUSTIC ANALYSIS OF FLUSH TOILET IN AIRPLANES
Dheeraj Kamthamneni, MS
Department of Mechanical Engineering
Northern Illinois University, 2016
Dr. Pradip Majumdar

With the global expansion of air travel and increase in the fleet size of the aircraft with modern
technology, the demand for the reduction of sound levels in the airplane toilet is increasing, as it
causes discomfort to the passengers. During the cleansing process by air (vacuum), high level of
acoustic noise is produced due to the turbulent vortex flow and boundary layer flow separation in
the bowl. This study involves investigation of noise generation in a vacuum toilet during the
evacuation of bowl in a flush cycle and to identify means to reduce the noise below a target
level. In order to identify and present noise reduction concepts for vacuum flush toilets, a multiphysics CFD simulation analysis model is developed based on a representative CAD model of
the actual toilet bowl and based on the actual flushing conditions that are typically used. The
model involves coupled solutions of flow dynamics and noise generation/dissipation using a
commercial code. CFD analysis is performed based on a selected acoustic noise model and
results are compared with the experimental noise data. An effort was made to change the
turbulence involved during the flow which resulted in being a positive approach. Different
broadBand noise source models were analyzed to understand the flow-induced noise generation.
Sensitivity analysis is performed to evaluate the effect of variation in toilet throat design on the
generation and dissipation of toilet flush noise and identify ways to reduce noise generation.
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1. INTRODUCTION
1.1. Motivation
In the recent years technology has taken vast expansions in the field of science and research.
Every company has its own Research and Development Department where every single and
specific point is taken into consideration for development of the society. Generally, the problems
we are facing or the problems we might face in future have increased the goal set for different
techniques to be mastered in the respective fields. One such problem which generally goes
unnoticed by the normal public is sound pollution.
Noise generation in a vacuum toilet during the evacuation of bowl in a flush cycle is a critical
issue for many passenger airplanes. Both amplitude and the frequency generated by the flowinduced noise during the flush discharge, exceeds acceptable noise pollution level applicable to
the restrooms in the railways and airways in modes of transportation. How do we know it is
noise?
The audibility for a human ear ranges approximately from 20Hz-20,000Hz. This frequency
accounting to the unit of sound is equal to 120 maximum, which implies the quality sound for the
human varies from 0-100DB, generally considered as sound audible in the comfort zone. Noise
is a disturbance caused with high decibels of sound which make it difficult to be heard causing
irritation to the ears.
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The sound of a flush reaches high value of 105dB, which is considered to be in the discomfort
zone. Different techniques have to be inculcated to reduce this sound to an audible range which
might not be soothing to the ear but at least in the comfort zone.
This project involves investigation of noise generation in a vacuum toilet during the evacuation
of bowl in a flush cycle and to identify means to reduce the noise below a target level.

1.2. Literature Review

Uzun and Hussaini [1] wrote a paper to understand the simulation of a near-nozzle region of an
isothermal jet. The main emphasis was to capture the noise generated in the shear layers of the
jet near the nozzle.
Min Jiang et al.[2] in their research on aerodynamic noise found out that the noise generated due
to the incoming turbulence and rotating blades of a wind turbine plays an important role. The
generated noise was investigated by the air-foil configuration.
Gerhard Reethof [3] in his paper writes about the noise generated in a pipe flow due to the
turbulence of fluid in industries. He writes out the pros and cons of this noise and how it can be
reduced based on federal noise legislations.
Damberg [4] discussed about the different noise sources where the employers are exposed to
exceessive sound levels. He also writes in detail on the different noise sources which include
Industrial noise sources, mechanical noise, fluid noise, machinery noise, etc.

3

Wang and Williams [5,6] writes about the control of noise generated by the turbulent flow past
the trailing edge of a lifting surface. This noise arises from wind turbines and fans in helicopter
rotors. Tip angle changes will change the vortex shredding.
Proudman [7] in his publication talks about the motion that is generated in a turbulent flow.
Terming this to be an isotropic turbulence based on the compressible fluid, he investigates a lot
about the noise generated in the areas where rate of dissipation of kinetic energy by viscosity is
negligible.
Davis and Pan [8] write their experimental observations on the far-field noise generated where a
turbulent diffusion jet passes over a rigid plate on the central axis. This noise is observed to be
generated due to the acoustic dipoles near leading edge.
McWilliams [9] presents his work to possibly understand the occurrence of fluid due to the chaos
of vortices in a space time continuum of a dynamic fluid. He also insists on destroying the
laminar structure physically to get an inflow of turbulence.
Wang Ho Jeon et al. [10] details the development of a new method to predict noise from a
centrifugal fan. This method helps in analyzing the sound in a splitter impeller. This impeller
helps in reducing noise if placed inside a jet engine.
Kurihara and Hamakawa [11] focuses on the correlation between aerodynamic noise and vortex
formed in the tip of the axial fan. Hot wire sensors were used to measure the sound generated,
which was found to be happening due to the generation of weak acoustic resonance of maximum
pressure operating point.
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Of all the above papers discussed, each paper has a major role to play in this research. Each
scientist talks about his findings in the place of turbulence and the noise generation due to it.
Some talk about the vortex formed due to these generated turbulences. But none of them is
related to the generation of sound in a toilet bowl. With far more research I found out some more
notes of how the sound was reduced in the toilet bowl in physical manners by the use of some
external devices or change in the design of the room in which this bowl was placed. These
research papers have a lot in common on how the sound was reduced in the toilet bowl.
Technology has advanced in each case, taking each different factor into consideration.

1.3.Reducing Toilet Flush Noise Reaching Adjacent Offices:

A building which has bathrooms on each side of the rooms where the people work was
constructed.[12] The toilets give out high levels of noise during a flush because they were
designed in a new way for reduced water consumption. The sound levels at these places would
reach a level of 50-60dB. A-weighted slow sound levels in some of the offices was greater than
60 dB. “A-weighting” refers to an adjustment of the sound to account for the fact that the ear
does not hear very low pitch and very high pitch sounds as well as sounds in the mid-range
where most speech is. “Slow” refers to a measurement method based on an average over a
period of about a second. In accordance to the ASHRAE guide the recommended toilet sound
should be limited to 40dB in offices. Each 10dB in sound level increase is equal to 10 times as
much sound energy present. If the toilets were more typical they would have produced less
sound. One way to reduce the transmission of high sound frequency is to avoid rigid connection
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through the studs in the wall and use sound-absorbing material such as fiberglass. New special
gypsum panels are available with a damping agent in the middle of the panel that is especially
good at combating this weakness.

1.4.Sound-Cancelling Toilet System

Figure 1: Sound Cancelling Toilet System
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When a toilet is used by a human there are loud noises by soil, liquid and gaseous excretements.
These are really embarrassing sounds.[13] These sounds are amplified by resonance and come
out in the open due to the contact with the toilet bowl. Keeping these in mind, many proposals
have been made to reduce various sources of noise in the toilet. Many of these proposals focused
on reducing noise emanating from flushing or from toilet use through the employment of
mechanical devices to deflect human waste, muffling devices, methods of circulating water
inside the toilet during flushing, and other similar contraptions. Many of these approaches are
impractical to implement, particularly in the case where an already-installed toilet cannot be
replaced due to reasons of cost, complexity or efficacy of noise level reduction. A passive
system’s primary benefit is derived from attenuating the noise energy. But these methods were
not properly processed as they do not reduce humanly produced sounds. An alternative approach
to the problem of toilet noise reduction is to employ the concept of acoustic noise destructive
interference. In this method a sound signal of equal and opposite amplitude is sent in the
opposite direction during a flush to reduce the sound levels. Such a process has a defect that if
manufactured with the same levels at the industry: the levels of sound vary from place to place.
A system was developed which comprises a microphone and a speaker connected to a digital
signal processing circuit. Such an invention consists of the application of adaptive and active
electronic noise cancellation techniques in the toilet bowl. The sound coming from the flush is
absorbed by the microphone and processed in the signal processor to reduce and bring it out
through the speaker as a soothing sound and not irritating noise.
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1.5. Flushmate: A Different Approach

Sloan Flushmate, division of Sloan Valve Company, is a world leader in design and
manufacturer of pressure assisted toilet flushing systems. The four-channel pulse system is used
to optimize sound generated by the flush mechanism and uses less water per flush.[14]
Flushmate vessel is a product which traps the air inside when the water is filling up the bowl.
This trapped air then gets compressed by the water supply line. This compressed air then gushes
out along with water pushing the waste out of the vessel instead of siphon action of pulling by
the gravity unit.
Advantages:


Uses less water for flushing, about 6 liters, which is 20% less than the conventional
unit.



Vigorous flushing action cleans the bowl more than the conventional units



Provides larger surface area for water in the bowl.



Reduces clogging by about 90% since no siphon action is used.

The perceived sound is tested in the R&D department of the company using PULSE (a software
used for noise and vibration analysis), according to which the sound level is only about 80DB.
The piping, height and fall angle are to be used for accurately designing the outlet systems for
the ones who use Flushmate systems.
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1.6 The Silencer Valve

Figure 2: Silencer Valve Attached in a Toilet
According to a patent[15], it is believed that the sound during a flush comes from the flushing
action i.e., by the water which is draining out from the tank to the to the toilet inlet to the sewage
pipe. For the analysis to be done by the invention of this valve the American standard model of
toilets, The Plebe model, is used. There are two valves in the tank, namely the fill valve and flush
valve. When the flushing takes place the flapper of the flush valve opens and lets the water flow
down from the tank to the toilet inlet where the water takes a whirling motion. Accordingly, it
was decided to change the angle with which the water flows down the tank to the toilet inlet, for
which the silencer valve was placed at the bottom of the flush valve pipe at the entrance of the
toilet inlet. This silencer valve has two components, a cylindrical body and a flat slider. The
cylindrical body to fits the inside of the pipe easily and can be replaced by any common person.
The flat slider must be placed towards the wall behind the tank. After all this, the angle of the flat
slider can be changed depending on the outcome of the sound. The only constraint for this
introduction of the silencer valve is the reduction force on the flow of water.
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1.7. Introduction to Acoustics
Sound in its scientific term is known as acoustics. Acoustics is an interdisciplinary branch of
science which deals with the properties of sound. The word "acoustic" is derived from the Greek
words ἀκουστικός (akoustikos), meaning "of or for hearing, ready to hear," and that from
ἀκουστός (akoustos), "heard, audible," which in turn derives from the verb ἀκούω (akouo), "I
hear". The Latin synonym is “sonic,” which later became a branch of acoustics involving
frequencies above or below the audible range. Acoustics has different definitions. The general
definition followed is given in the American national standards by the Acoustical Society of
America[16] “Science of Sound, including its production, transmission, and effects, including
biological and psychological, affecting its character with respect to auditory effects."
The study of acoustics revolves around the generation, propagation and reception of mechanical
waves and vibrations.

Generating
mechanism
(transduction)

Cause

Acoustic
wave
propagation

Reception
(transduction)

Effect

Figure 3: Pictorial Representation from Cause to Effect of Sound
The fundamental equation [17] that describes sound wave propagation is the acoustic wave
equation as follows:

Where

is the acoustic pressure and where

is the speed of sound.
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The entire spectrum of sound can be divided into three sections: audio, infrasonic and ultrasonic.
spectrum analyzer is an instrument which measures the acoustic signals and their properties. The
spectrogram from this analyzer visualizes display of the time-varying pressure level and
frequency profiles which give a specific acoustic signal defining its character graphically.
Acoustics has sub-disciplines which are differentiated on the basis of which field they are being
used in.
The main topic of this thesis being aero-acoustics, let’s get going on the basics of what aeroacoustics is and its applications in different fields. Aero-acoustics is a branch of acoustics that
studies noise generation via either turbulent fluid motion or aerodynamic forces interacting with
surfaces. The most common aero-acoustic analysis relies upon aero-acoustic analogy which is
proposed by James Lighthill in the 1950s in the University of Manchester. Lighthill rearranged
the Navier-Stokes equation into an inhomogeneous (ordinary differential equation) wave
equation to co-relate both fluid mechanics and acoustics.

The above equation is derived after integrating it with Green’s Function.[17] Green’s function is
an impulsive response of an ordinary differential equation under specified boundary conditions.
Hence, this equation is Lighthill’s equation of aero-acoustics, where

is the identity tensor, and

denotes the (double) tensor contraction operator. The two common forms of the equations used
in Acoustic analogy are the Ffowcs Williams-Hawkings equation and the Kirchhoff’s equation.
On a different note using Einstein notation, Lighthill’s equation can be written as [18]:
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Where

and

is the Kronecker delta (a function with two positive variables),

Reynolds stress ,

describes the

is the sound generated by shear and the rest is the description of the non-

linear acoustic generation process.

After Lighthill established the referred calculations for the aerodynamic noise, several scientists
have tried to extend the topic of discussion in various flow fields. The Lighthill analogy talks
about the replication of flow field for noise generation with the actual one. Then comes Curle in
1955, who extended the Lighthill’s theory by including flow body interaction on sound
generation. In 1969, Ffowc- Williams and Hawkings extended the same analogy for arbitrary
surface motion. The main mechanism of noise generation for solid bodies can be classified as:
1) Vortex shredding noise- The time-varying circulation on the body due to vortex shredding
induces a fluctuating on the body itself which is transferred to the fluid and propagates as sound.
2) Turbulence-structure interaction noise- Vortical structures impinging on a solid surface
generate local pressure fluctuations on the body surface which feed the acoustic far field.
3) Trailing edge noise- Noise is generated due to the interaction of the boundary layer’s
instabilities with the surface edges.
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In recent days, computations of sheared and free shear flows are performed with the NavierStokes equation. The problem which has to be resolved comes when the energy of acoustic field
is much smaller than the energy of the hydrodynamic field. The problem-solving criteria has
been distributed in four areas:


The acoustic field is larger than the flow field.



The acoustic field has a smaller energy content than the flow field.



The numerical discretization may act as a more significant source of sound than the
simulated flow field.



Imposing free-space boundary conditions appropriate for acoustics in the far field at an
artificial computational boundary positioned at a finite distance away from the source
region is difficult.

1.8. Computational Aeroacoustics
This is considered to be a special branch of aero-acoustics which analyzes noise generation by
turbulence flows through numerical methods. These problems are classified based on physical
process for the sound radiation and range from linear problems of radiation, rarefaction in known
base flows, to sound generation by turbulence. [19] Computational approaches range from semiempirical schemes that estimate noise sources using mean flow and turbulent statistics to highfidelity unsteady flow simulations. These high-fidelity simulations are the direct numerical
simulation (DNS) and the large eddy simulation (LES). These simulations provide databases for
modeling activities to make changes in the design considerations and also the boundary
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conditions. For the appropriate usage of the turbulence flow with these simulations the detached
eddy simulation (DES) and the linearized Euler equations (LEE) are also used. Each of these
simulations has their own boundary conditions and the type of flow they should be used in. The
general computational issues depend upon the spatial and temporal discretization and the
boundary conditions involved. These issues of aero-acoustics calculations are analyzed in
uniform and non-uniform grids. Considering turbulence flow for a solid body, the equations are
differentiated in the form shown in Figure 4 [20].

Figure 4: Levels in Computational Aero-acoustics
Since the topic of concern is a toilet, let us get a brief idea about it before we start to get into the
details. A Toilet is a sanitation fixture used primarily for the disposal of human urine and feces.
It is generally found in a small room usually called a washroom or bathroom. There are different
types of toilets, of which flush toilets are the most modern and advanced toilets used by almost
every individual all over the world. There are other toilets, to name a few: dry toilets, flying
toilets, portable toilets, etc. Talking a little about the history of flush toilets, the advancement of
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the S-strap by Alexander Cummings in 1775 is still used today, wherein the standing water is
stored in the toilet bowl to prevent the escape of foul odor.
When a user flushes a toilet, valve opens from which the water gushes out. At the bottom of the
U-shaped bowl is a siphon or the vacuum which takes out all the water from the toilet bowl for a
period of 4-7 seconds, by which almost all the excrete has been removed and then this closes
back, making the new water which is already flowing through the valve to fill the toilet bowl to a
considerable level. In between this process the water going down the toilet bowl gives a swirling
action describing the speed with which the water is being thrown out. Modern flush toilets use
about 1.2-1.6 US gallons per flush. The toilets in airplanes are designed for their sleekness to fit
in a small room and accommodate every person. In these flush toilets the amount of water used is
less and most of the excretion is done by high vacuum pressure created at the outlet. [20]
According to a study the amount of water used per flush is about 63oz of water which is much
less. Considering this amount we can imagine the levels of pressure required to remove the
excretion. This thesis is all about motion of air in the system, let us talk a little more about the
dynamics involved.
In physics, fluid dynamics is a part of fluid mechanics that deals with the motion of Fluids.
Fluids include gases and liquids. In general notation this is termed as fluid dynamics, but when it
comes to motion through air, it is called aerodynamics and through water is called
hydrodynamics. Since our main concern is about air, let us get an insight on its flow and the
factors involved with it. Study of aerodynamics, although begun in the 18th century, came into
light in the early 19th century. Since then the use of aerodynamics was carried out in a number of
technologies and the issues regarding the same were found out which have become
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computational in nature. Computational fluid dynamics began as an effort to understand and
solve flow properties ranging from small to complex objects. The issues generally involved with
aerodynamics include boundary conditions, turbulence and the compressibility of flow.
Boundary conditions are the general values given to the system under which the flow takes place.
It includes the type of flow, the medium it is involved in and the equations attached to it. The
boundary conditions can be changed in regards to the type of system used and the place where
these experiments are going through. In the recent years instead of understanding the fluid flow,
the computations have moved in how to engineer a system appropriately with the fluid flow.
Compressibility of a fluid depends on its change in density. Density is inversely proportional to
volume and hence small areas have less density while the larger areas have more density. This
change in density is because the volume changes the velocity of the fluid flow. The flow velocity
is generally dependent on its changes with the speed of sound. The flow of the fluid in different
systems gives rise to turbulent and laminar flows. Laminar flows are for systems which follow a
rectilinear path. This type of flow is concerned with low velocities in which the flow particles
are orderly mannered.
Turbulent flows are for the systems in which the velocity of the fluid is very high and becomes
disordered.[20] This mainly depends on the momentum and variations in pressure and flow
velocity. In technical language, flows with Reynolds number more than 5000 are typically
turbulent. The Reynolds number is a dimensionless quantity used to predict flow patterns in
different fluid flow situations. It is the ratio of inertial forces to viscous forces and quantifying
these forces to the fluid flow conditions. The flow characteristics in this motion are unsteady
with all constant boundary conditions and thus turbulent. In these turbulent forces, due to the
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chaos caused in the flow, there is a pattern in which the flow is printed out. The name given to
such a pattern is called the Vortex.
Vortex is a region formed in a fluid medium following a circular path along its own central axis.
[21] It forms a major component of turbulent flow. In the absence of external forces, the fluid
tends to organize itself to form vortices. In each of these vortices, the flow velocity is greatest
next to its axis and inversely proportional to the distance from the central axis. Once formed, the
vortex can move, stretch, twist and interact in complex ways. A moving vortex carries angular
and linear momentum, mass and energy. The stream lines and path lines are stretched to overall
loopy and open curves. A vortex line cannot start or end but flow momentarily during its
formation. A newly created vortex will extend and bend to eliminate open-ended vortex lines.
The fluid motion in the vortex creates dynamic pressure that is lowest in the core region and
highest near the axis ends. In turbulent flows, unsteady vortices appear and interact with each
other. The drag due to boundary layer skin friction increases. The structure and location of
boundary layer separation changes, resulting in reduction of drag. The vortex formed due to
these turbulent flows in changes with the flow velocity is considered to be the main part of the
noise generated in these flows.

1.9. Objective of the Present Study
This project involves investigation of noise generation in a vacuum toilet during the evacuation
of bowl in a flush cycle and to identify means to reduce the noise below a target level. In order to
identify and present noise reduction concepts for vacuum flush toilets, a multi-physics CFD
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simulation analysis model is developed based on a representative CAD model of the actual toilet
bowl and based on the actual flushing conditions in aircraft toilet. The model involves coupled
solutions of flow dynamics and noise generation/dissipation using a commercial code. CFD
analysis is performed based on a selected acoustic noise model and results are compared with the
experimental noise data. The computational simulation model is used to perform a sensitivity
analysis to evaluate the effect of toilet throat section geometry on the flow dynamics conditions
and hence on the generation and dissipation of the noise. Keeping all this in mind, the main
objective of this thesis is to reduce the sound in a toilet of an airplane during a flush. With the
increase in the complexity of the problem comes in a lot of other issues concerning with it.
Sound-related physics with air is called aero-acoustics, which comes into picture in this point of
time. There are two types of properties which involve in the generation of this noise. One is the
structure-based noise and the other is the computational fluid dynamics. Since our topic talks all
about turbulent flows and vortex based noise, let’s only discuss the related piece of information.

2. THE MODELS

2.1 Original Model

Figure 5 is the basic geometry model of the toilet bowl used in the airplanes. The upper surface
or the top surface is considered to be the inlet of the bowl. The lower region or the bottom end of
the bowl is considered to be the outlet. If you look deep into the bowl clearly you will find a
square-shaped open space; this depicts the place from where the water sprays to clean the waste
material out from the bowl. The structure as you can see should be placed on a base with the
outlet connected to the pipe outside which goes to the sewage waste. Each and every fixture is
interlinked with each other with the help of nuts and bolts. The vacuum is created near the outlet
of the pipe for the air to flow in.

Figure 5: 3D Design of an Original Toilet Bowl
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2.2 Geometry Model
For our easy understanding of the geometry of the bowl, changes have been made to the original
geometry. The fixtures which help the bowl connect to the base and others have been removed.
The water sprays have been removed. The hollow toilet bowl has been completely filled with air
now, which is in Figure 6. The top layer of the inlet and the outer circles for the outlet have also
been removed to make the geometry clear and understandable.

Figure 6: Design of Toilet Bowl for Study

2.3 Experimental Data

On the basis of experimental data received from B.E Aerospace (which is to be considered
confidential by the federal firm). The design implemented or used in this thesis is in close
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coordination with the assembly of toilet in the airplane. The assembly in physical surroundings is
installed in the lavatory which is enclosed by a shroud. Care is taken in the interior of the
restroom where the temperature and pressure are suitable for human habitat. Any toilet in an
airplane will consist of the following subassemblies listed below for the proper functioning of the
toilet.
-

Rinse nozzle and valves

-

Toilet size and base support

-

Integrated system controller

Therefore, both water and air are used during a flush in an airplane. It is found out that only 8oz
of water is used during a flush, which is less in comparison to the mass of air which flows in
through the vacuum. So our main concern lies by the air used in the process. When a flush is
initiated, the vacuum generated gets switched on based on the altitude of the airplane. The
generator gets automatically switched on if the airplane is below a set altitude, and if it is above
the altitude set, the pressure difference between the cabin and air outside is sufficient to operate
the system. The experimental data has proved sound to be around 102.81dB when the lid is open
and in steady-state condition. Results also prove that sound is less when the lid is closed equal to
approximately 80dB. But the actual reason for this thesis is to reduce sound to a lesser value
even when the lid is open.
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2.4 Aero-Acoustics in Star CCM+
Talking about computational aero-acoustics in Chapter 1[22], let us talk in detail about it through
software used in the modeling procedures and in finding out the results. In STAR CCM+ there
are a number of different models which can be used for aero-acoustic analysis. The aero-acoustic
simulation options are generally divided into three categories which are further divided into
subcategories in their own fields. The main three are the simulation options, flow and
propagation and post-processing. The simulation for the aero-acoustic models generally happens
in the steady or the unsteady state. The steady state is further divided into broadband noise
source model and the synthesized fluctuations SNGR. The four general types of simulations
under which all these happen are as follows:


BroadBand noise source model



Direct noise simulation



Ffowcs Williams-Hawkings



Lighthill stress tensor

Broadband noise source model comes under the steady state model in the simulation options of
the aero-acoustic simulations. We will talk about this in detail in the coming chapters. The
Ffowcs Williams-Hawkings is preferred for far-field noise propagation. This model calculates
the far field sound signal that radiates from the near-field noise solution from the CFD analysis.
The near field and far field are regions of the electromagnetic signals around a system. As the
term goes, the near field dominates near the electromagnetic signals and far field at distances far
away from the signals, and in the same way the strength of these sound waves decreases with
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increase in distance for the near field and increases with distance for the far field. The Ffowcs
Williams-Hawkings goal is to find out the small acoustic pressure fluctuations at the location of
each receiver of sound. The Lighthill stress tensor cannot model acoustics on its own and is used
for post-processing. It is scalar with vector components and its main purpose is to identify the
location of flow-generated aero-acoustic sources.
Coming to the flow and propagation, the steady state and unsteady state are categorized based on
their area of acoustic modeling in the system. We come across the Curle model, Proudman
model, Goldstien model, LEE and LILLEY acoustic models and in the unsteady state we have
the detached eddy simulation and the large eddy simulation. The topics of Proudman model,
Curle model will be discussed in detail. Anisotropy is the non-universal statistical behavior of
the flow through a medium. The acoustic model is only available for 2-D axis-symmetric case. It
is compatible with all the RANS model except for Spalart-Allamaras.
Talking about the LES and DES, the large eddy simulation is solved for large turbulences and
modeled for small-scale motions. The equations used for solving these simulations are filtered
rather than being taken an average of. The detached eddy simulation is a hybrid model which
uses both the RANS model and LES model. The general DES model is solved using base RANS
model and is solved for ir-rotational flows. In the post-processing, the frequency is concluded
from the mesh frequency cutoff scalar function. This mesh frequency scalar function is used to
understand the suitability of mesh for the turbulent flows that the mesh can resolve with. Under
unsteady state in post-signal processing the FFTs and the wave number play an important role to
understand the base of flow in a system. It talks about the spectral analysis and the calculations
in relation with it to compel and understand the variation in the flow.

3. ANALYSIS AND MODIFICATIONS

3.1. Geometry of the Model

The images in Figure 7 and Figure 8 show the different views from different direction to
understand the curvature and how exactly the 3D model was designed from the actual toilet
model.

SIDE VIEW

REAR VIEW

Figure 7: Rear View and Side View of Toilet Bowl

FRONT VIEW
TOP VIEW

Figure 8: Top View and Front View of the Toilet Bowl
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Meshing

Figure 9: Top View after Meshing

Figure 10: Side View and Magnified View of the Mesh
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Meshing is a property that represents a set of finite elements for computational analysis or
modeling. The different types of meshing used in the geometric model are prism layer mesher,
surface remesher and trimmer.
The trimmer and prism layer mesher are both used at the ends and the surface remesher is used
for 2-D surfaces. Table 1 lists the physical properties and physics involved in the analysis of the
model to understand the fluid dynamics and aero-acoustics in regards to it.
Table 1: Details of Data Used for Analysis
Mass Flow Rate (inlet) Kg/s

0.151

Initial Pressure (kPa)

101.32

Temperature (in Airplane)(F)

77

Pressure Outlet(kPa)

67.73

Velocity Inlet(m/s)

1. 47

Area Inlet(m2)

0.102

Air density(kg/m3)

1.18

Turbulence intensity

0.01

Turbulent viscosity ratio

10

Turbulent velocity scale(m/s)

1

Mesh Base size

0.002
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3.2 Basic Analysis of the Toilet Bowl
Velocity Scalar Scenes

Figure 11: Scalar Scenes of Velocity in Full and Sections
The highest velocity of the flow of air is found at the outlet at the lower end in the outlet. The
value is 85m/s approximately. The two images taken for the velocity simulations have the same
inlet and outlet values but vary since the second image is only sections of the whole figure where
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there are changes in the scenes. As we see, there are changes which start near the center at the
top and keep going down till the flow reaches out.
Pressure Scalar Scenes

Figure 12: Scalar Scenes of Pressure in Full and Sections

Pressure in this case is the suction which is acted in the bottom near the outlet. The pressure is
created due to vacuum and the levels of air flow from low-lying areas to high-lying areas. The
pressure reaches a peak value of 71.8kPa; 67.7kPa is the calculated value with the given mass
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flow rate at the beginning of this simulation. The pressure is high at the inlet due to larger
surface area to bring in more pressure at that point.

Proudman Acoustic Power dB
It computes:
•

Acoustic power to evaluate the local contribution to the total acoustic power

•

Assumes the flow to be isotropic turbulence

•

Both steady and transient

•

Coupled or segregated flow

Figure 13: Scalar Scenes of Proudman Acoustic Power dB in Full and Sections
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The peak sound level recorded with the Proudman acoustic power dB is equal to 105 dB. This
sound is in the logarithmic scale and bringing down this sound is the whole agenda of this thesis.

Curle Model
It computes:
•

The fluctuating surface pressure and surface acoustic power

It evaluates:
•

Local contribution to the total acoustic power per unit area of the body surface

•

For both coupled flow and segregated flow and steady and unsteady solutions

The Curle model surface sound depicts the sound on the surface and the readings in Figure 14
were taken to find out if any external sound is produced during the flush. The maximum Curle
noise recorded is about 129dB, but if you see the image and go through it keenly, we observe
that the maximum is not at the surface and cannot be found. Hence, there is no surface noise or
noise from the external forces.
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Figure 14: Scalar Scenes of Curle Acoustic Power dB in Front and Back Views
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3.3 Mesh Modifications (Modifications in Base Size of Mesh)

To understand more on why the specific base size for the mesh was used, let us take into
consideration the analysis done with all other base sizes.

0.003

0.004

0.002
Figure 15: Different Sizes of Meshing from 0.004-0.002
From Figure 15 it can be clearly seen that the grids formed in the mesh are closely packed. It
always depends on more number of grids that the analysis of any part cuts down to those grids.
To make it more specific and appropriate, mesh size with a very low value was given. To try
0.001, Star CCM+ would slow down and create a problem for such complex bodies.
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Velocity Scalar Scenes for Different Meshing Base Size

0.003

0.004

0.002

Figure 12: Full Scalar Scenes of Velocity with 3 Different Mesh Base Sizes
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0.003

0.004

Figure 13: Section Scalar Scenes of Velocity in 0.004 and 0.003

0.002

Figure 14: Section Scalar Scene of Velocity in 0.002
The above scalar scenes for velocity magnitude in both full scalar and through the sections depict
the range of velocity through which the air flows in the system. As shown the minimum and
maximum values remain the same at any point of time. All the images are in the same manner.

34

Pressure Scalar Scenes for Different Meshing Base Size

0.004

0.003

Figure 15: Full Scalar Scenes of Pressure in 0.004 and 0.003

0.002

Figure 16: Full Scalar Scenes of Pressure in 0.002

0.003
0.004

Figure 17: Section Scalar Scenes of Pressure in 0.004 and 0.003

0.002

Figure 18: Section Scalar Scenes of Pressure in 0.002

The images taken for pressure show us that the highest value of pressure reaches to value of
71Kpa approximately. Going with the color denominations, there is no red region for both the
0.004 and 0.003.
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Proudman Acoustic Power dB Scalar Scenes for Mesh Modifications

0.003

0.004

Figure 19: Full Scalar Scenes of Proudman Acoustic Power dB in 0.004 and 0.003

0.002

Figure 20: Full Scalar Scene of Proudman Acoustic Power dB in 0.002
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0.003

0.004

Figure 21: Section Scalar Scenes of Proudman Acoustic Power dB in 0.004 and 0.003

0.002

Figure 22: Section Scalar Scene of Proudman Acoustic Power dB in 0.002
The sound levels in the mesh size of 0.002 reach a maximum value of 105dB. This value is not
attained by the other two mesh sizes used and we can also see that the generation of sound is
seen from an early stage.
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Turbulence Viscosity Scalar Scenes for Changes in Mesh Base Size

0.003

0.004

Figure 23: Full Scalar Scenes of Turbulent Viscosity in 0.004 and 0.003

0.002

Figure 24: Full Scalar Scene of Turbulent Viscosity in 0.002

39

0.003

0.004

Figure 25: Section Scalar Scenes of Turbulent Viscosity in 0.004 and 0.003

0.002

Figure 26: Section Scalar Scene of Turbulent Viscosity in 0.002
The above images show where the air is very lot viscous and where there is a formation of
turbulence. With the formation of turbulence is the formation of the vortex, which comes down
in this view in the form of spiral body starting from almost the center.
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3.4 Change in Initial Turbulence Intensity


Three different intensities in the inlet region with different turbulent viscosity ratio were
taken to find out the differences to arrive at a conclusion of the best possible intensity
levels.



Viscosity ratio is the ratio between turbulent viscosity and laminar viscosity.



In the coming slides you will find the values beside the scenes in the format of
Turbulence Intensity/Turbulence Viscosity ratio.



Changes in the viscosity is in the ratio of 1:1.5.



The values of the initial intensity at the inlet is determined to be kept less than one



To find the different intensities used in understanding the analysis based on the inlet
intensities, two major changes were made in the turbulent intensity and the turbulent
viscosity ratio. One was the change from 10 to 15 and other was the change from 0.01 to
0.05 and 0.08.



All these changes from now are made to see if there is a change in the max value of the
sound at the outlet so we can be pleased to use those methods to see if there can be a
reduction in the sound levels.



All the scalar scenes were taken in accordance to the value of 0.002 base size in mesh and
a value for intensity and viscosity ratio have been taken as constant and tested with other
values.
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Velocity Scenes

0.05/15

0.08/15

Figure 27: Full Scalar Scenes of Velocity with Change in Initial Turbulence and Viscosity
Ratio of 0.08/15 and 0.05/15

0.01/10

Figure 28: Full Scalar Scene of Velocity with Change in Initial Turbulence and Viscosity
Ratio 0.01/10
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0.08/15

0.05/15

Figure 29: Section Scalar Scenes of Velocity with Change in Initial Turbulence and
Viscosity Ratio 0.08/15 and 0.05/15

0.01/10

Figure 30:Section Scalar Scene of Velocity with Change in Initial Turbulence and Viscosity
Ratio 0.01/10
The maximum range of the velocity in the full scene and the sections is only formed for the
intensities of 0.01. This implies that the intensity of 0.01 has a more higher than the other
intensities and other intensities can be taken out of consideration.
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Pressure Scenes with the Original Values of Minimum and Maximum for the
Original One

0.08/15

0.05/15

Figure 31: Full Scalar Scenes of Pressure with Change in Initial Turbulence and Viscosity
Ratio 0.08/15 and 0.05/15

0.01/10

Figure 32: Full Scalar Scene of Pressure with Change in Initial Turbulence and Viscosity
Ratio 0.01/10
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0.08/15
0.05/15

Figure 33: Section Scalar Scenes of Pressure with Change in Initial Turbulence and
Viscosity Ratio 0.08/15 and 0.05/15

0.01/10

Figure 34: Section Scalar Scene of Pressure with Change in Initial Turbulemce and
Viscosity Ratio 0.01/10
With the above images we can clearly understand that with the changes in intensities to the given
values do not help in getting the required pressure and do not fill the considerable toilet
pressure. This happens since the turbulent intensities value at the inlet are greater than the value
needed.
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Proudman Acoustic Power dB

0.08/15

0.05/15

Figure 35: Full Scalar Scenes of Proudman Acoustic Power dB with Change in Initial
Turbulence and Viscosity Ratio 0.08/15 and 0.05/15

0.01/10

Figure 36: Full Scalar Scene of Proudman Acoustic Power dB with Change in Initial
Turbulence and viscosity Ratio 0.01/10
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0.08/15

0.05/15

Figure 37: Section Scalar Scenes of Proudman Acoustic Power dB with Change in Initial
Turbulence and Viscosity Ratio 0.08/15 and 0.05/15

0.01/10

Figure 38: Section Scalar Scene of Proudman Acoustic power dB with Change in Initial
Turbulence and Viscosity Ratio 0.01/10
The sound being the main point of this thesis, we should be able to understand that with such
changes in the velocity and pressure there will be a higher value of sound attained, which clashes
with the main aim of the thesis to reduce sound.
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Turbulent Viscosity

0.05/15

0.08/15

Figure 39: Full Scalar Scenes of Turbulent Viscosity with Change in Initial Turbulence and
Viscosity Ratio 0.08/15 and 0.05/15

0.01/10

Figure 40: Full Scalar Scenes of Turbulent Viscosity with Change in Initial Turbulence and
Viscosity Ratio 0.01/10
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0.08/15

0.05/15

Figure 41: Section Scalar Scenes of Turbulent Viscosity with Change in Initial Turbulnce
and Viscosity Ratio 0.08/15 and 0.05/15

0.01/10

Figure 42: Section Scalar Scene of Turbulent Viscosity with Change in Initial Turbulence
and Vicosity Ratio 0.01/10

The same is the case with the turbulent viscosity. As we have changed the viscosity ratio, the
turbulent vortex required for the generation of noise has not been fully formed, which implies
that the sound can be scattered and we will not be able to find the main concentration of the
sound at an intersection.
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3.5 Different Turbulent Models
K-epsilon (k-ε) turbulence model is the most common model used in computational fluid
dynamics (CFD) to simulate mean flow characteristics for turbulent flow conditions.[24] It is a
two- equation model which gives a general description of turbulence by means of two transport
equations (PDEs). The original impetus for the k-epsilon model was to improve the mixing
length model as well as to find an alternative to algebraically prescribing turbulent length scales
in moderate to high-complexity flows.

1.

The first transported variable determines the energy in the turbulence and is called
turbulent kinetic energy (k).

2.

The second transported variable is the turbulent dissipation ( ), which determines
the rate of dissipation of the turbulent kinetic energy.

In computational fluid dynamics, the k–omega (k–ω) turbulence model is a common twoequation turbulence model that is used as a closure for the Reynolds-averaged Navier–Stokes
equations (RANS equations).[25] The model attempts to predict turbulence by two partial
differential equations for two variables, k and ω, with the first variable being the turbulence
kinetic energy (k) while the second (ω) is the specific rate of dissipation (of the turbulence
kinetic energy k).
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Velocity Scalar Scenes
K-Epsilon

Figure 43: Full and Section Scalar Scenes of Velocity in k-epsilon Turbulence
K-Omega

Figure 44: Full and Section Scalar Scenes of Velocity in k-omega Turbulence
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From the above scenes it can be seen that the velocity, when the turbulence is k-epsilon, has a
value of 84m/s and that of k-omega turbulence is about 87m/s approximately suggesting that the
velocity has increased with the change in the type of turbulence used in the flow.

Pressure Scalar Scenes
K-Epsilon

Figure 45: Full and Section Scenes of Pressure in k-epsilon Turbulence

K-Omega

Figure 46: Full and Section Scenes of Pressure in k-omega Turbulence
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The pressure has decreased by a minimal value. Hence it can be proved that the velocity and
pressure are inversely proportional to each other in the system for the system to have an
equilibrium at each and every point in the region.
Proudman Acoustic power DB
K-Epsilon

Figure 47: Full and Section Scalar Scenes of Proudman Acoustic Power dB in k-epsilon
Turbulence

K-Omega

Figure 48: Full and Section Scalar Scenes of Proudman Acoustic Power dB in k-omega
Turbulence
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The sound level has increased suggesting us that k-omega turbulence model should not be used
and is wrong if we have to think of reducing the sound. This value is even closer to the peak of
audible range than the k-epsilon value.

Turbulent Viscosity
K-Epsilon

Figure 49: Full and Section Scalar Scenes of Turbulent Viscosity in k-epsilon Turbulence

K-Omega

Figure 50: Full and Section Scalar Scenes of Turbulent Viscosity in k-omega Turbulence
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The turbulent viscosity has decreased to such a lesser value that there can be no turbulence seen
in the system, which makes us realize that the vortex cannot be formed and in turn the generation
of sound is not concentrated at a point.

4. CHANGES MADE IN THE GEOMETRY MODEL

4.1 Change in Throat Length at the Outlet

Figure 51: Four Designs with the Increase in the Throat Lengths
Let ‘x’ be considered the distance between the outlet and the curvature of the toilet.
The length of the outlet has been increased accordingly to find which of these models helps to
reduce the sound in the desired physical conditions and based on the physics involved. The three
lengths used are with an increase of 5mm, 10mm, 15 mm respectively.
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Velocity Scalar Scenes

Figure 52: Full Scalar Scenes of Velocity with Different Throat Lengths

From the above figure we can see that, except for the original outlet distance from the curvature
leading to the full formation of velocity scalar scenes and the others did not, this implies that the
velocity has decreased considerably, which is not good in our case as the velocity decrease
would not help in clearing the waste.
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Velocity Section Scenes

Figure 53: Section Scalar Scenes of Velocity with Different Throat Lengths

The sections of these velocity scenes show us that the vortex forms at an early stage and is
disturbed all along rather than following a specific pattern. Due to this formation, the required
velocity is not attained in the process, which will not help us.
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Pressure Scenes

Figure 54: Full Scalar Scenes of Pressure with Different Throat Lengths
From the above figure it can be see that with the increase in the length the pressure scene hasn’t
formed fully, which implies that there is no pressure which is present in the system as far as
cleaning the bowl is concerned.

59

Pressure Scenes

Figure 55: Section Scalar Scenes of Pressure with Different Throat Lengths

These scenes show the fully developed pressure scalars at a much higher pressure value, which
in our case cannot be provided for the bowl because the vacuum which is suitable for the
creation can only be at the level given due to the amount of mass flow rate and the velocity.
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Proudman Acoustic Power dB Scenes

Figure 56: Full Scalar Scenes of Proudman Acoustic Power dB with Different Throat
Lengths
In Figure 60, we can see that the readings have been taken on the basis of a standard value of the
base size 0.002 and value X. All the scenes are then related to it. It can be seen from the scenes
that all the three designs have made different scalar magnitudes and the images clearly show a lot
of disturbance in the sound. The sound seems to reduce in the length of X+5mm but then
increases and makes a lot of disturbances which cannot be measured properly.
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Proudman Acoustic Power dB Scenes (Sections)

Figure 57: Section Scalar Scenes of Proudman Acoustic Power dB with Different Throat
Lengths
In the sections above for the Proudman acoustic power dB, the peak value of sound in
logarithmic scale is found to be 103.07. All the images/scenes are taken on the same basis and
given the same peak value to understand the images of the section clearly. It can be seen from X
going down that the disturbances are not caused as ususal and keep reducing but suddenly
increase when the length is increased.
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Turbulent Viscosity Scenes

Figure 58: Full Scalar Scenes of Tubuent Viscosity with Different Throat Lengths
The turbulent viscosity value at its peak is 0.10806. This value is for the length X in the design,
after which changes to the length have been made to see the changes in viscosity and it can be
seen from the other scalar scenes that like the X, the other three scenes have not reached their
peak at the outlet at this viscosity, which implies that their peak value is more.
Turbulent Viscosity Scenes (Sections)
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Figure 59: Section Scalar Scenes of Turbulent Viscosity with Different Throat Lengths

In the sections of the turbulent viscosity, the peak value is 0.14 and that peak is not at the outlet
is to be noted. In the throat length of X+5 we can see that the scene has not even been formed
fully. This implies that the noise produced is not the actual noise. In the other two scenes it is
seen that the air is said to be a lot more viscous than it is on the original length, which might
reduce the cleaning process of this toilet.
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4.2 Change in Throat length at the Curvature

1.2mm

Figure 60: Change in Height of Throat at Curvature = 1.2 mm Increase from Original
Height

2.4mm

Figure 61: Change in Height of Throat at Curvature = 2.4mm Increase from the Original
Height
In the figures above, if Y is the original height of the curvature, then Y+1.2mm and Y+2.4mm
are the new heights with which the model was designed. The model was designed in Solid
Works by cutting at the center and mating it back after the blend.
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Velocity Scenes

1.2mm

Figure 62: Full Scalar Scene of Velocity for 1.2mm Increase

2.4mm

Figure 63: Full Scalar Scene of Velocity for 2.4mm Increase

Looking into the above velocity scenes, we can see that there is a decrease in the velocity from
84.93m/s to 72.9m/s. Such a decrease will have to be looked at because if the velocity goes
down, the mass flow rate of waste material goes down too.
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1.2mm

Figure 64: Section Scalar Scene of Velocity or 1.2mm Increase

2.4mm

Figure 65: Section Scalar Scene of Velocity for 2.4mm Increase
The above section scalar scenes explain in detail how the velocity flows down to the outlet from
the inlet. The magnitude is also seen to be increased from 60m/s – 71 m/s, increasing the flow
with which the cleansing process takes place.

67

Pressure Scenes
1.2mm

Figure 66: Full Scalar Scene of Pressure for 1.2mm Increase

2.4mm

Figure 67: Full Scalar Scene of Pressure for 2.4mm Increase
As you can see from the above pressure scalar scenes, there is not much of a pressure drop which
is created by the suction due to the increase in length. The pressure is brought down from 71kpa
to only 70kpa, which is good considering the change in velocity which has occurred.
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1.2mm

Figure 68: Section Scalar Scene of Pressure for 1.2mm Increase

2.4mm

Figure 69: Section Scalar Scene of Pressure for 2.4mm Increase

In the section above the pressure has come down from a value of 71kpa-70kpa. The pressure
drops down and can be clearly viewed by the amount of increase in the red-colored area which
suddenly dissipates to a lower value at the outlet.
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Proudman Acoustic Power dB Scalar Scenes

1.2mm

Figure 70: Full Scalar Scene of Proudman Acoustic Power dB for 1.2mm Increase

2.4mm

Figure 71: Full Scalar Scene of Porudman Acoustic Power dB for 2.4mm Increase
This is where we actually encounter the change in sound: the Proudman scalar scenes. As we can
see, the sound has gone down drastically from 105DB to 99DB, a depreciation of around 6DB of
sound in logarithmic scale, which is quite a change in noise generation.
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1.2mm

Figure 72: Section Scalar Scene of Proudman Acoustic Power dB for 1.2mm Increase

2.4mm

Figure 73: Section Scalar Scene of Proudman Acoustic Power dB for 2.4mm Increase
Like the decrease in the sound in full scenes we can also see the decrease in the peak values for
In Fig.76 & 77 we can see that at the top section there are areas where there is no sound at all
and then comes down to take its peak value. The red area depicts the highest value at the outlet
which comes down to 104dB and down to 97dB with the increase in the height at the curvature.
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Turbulent Viscosity Scenes

1.2mm

Figure 74: Full Scalar Scene of Turbulent Viscosity for 1.2mm Increase

2.4mm

Figure 75: Full Scalar Scene of Turbulent Viscosity for 2.4mm Increase
We notice in the viscosity scenes that the turbulent viscosity first decreases with an increase in
length but then increases with decrease and moves from 0.1 to 0.09 and then comes back to 0.1.
This change is due to the change in the vortex formation due to the boundary layer separation of
the upper and the lower hemispheres of the bowl.
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1.2mm

Figure 76: Section Scalar Scene of Turbulent Viscosity for 1.2mm Increase

2.4mm

Figure 81: Section Scalar Scene of Turbulent Viscosity for 2.4mm Increase

In the above two sections the viscosity offered by turbulence did come down. This change is due
to the change in the vortex formation due to the boundary layer separation of the upper and the
lower hemispheres of the bowl. The air becomes less viscous for it to flow down easily with its
acquired velocity and pressure.

5. CONCLUSIONS

According to the main objective of this thesis paper, the concepts of aero-acoustics have been
clearly understood. The concepts including turbulence and vortex surrounding it have been
visualized. Insights on Lighthill’s analogy and the Reynolds Navier-Stokes equations were
understood. Experimental data was collected and a lot of other different papers were studied to
understand various ways involved in the reduction of noise in a toilet bowl.
A geometry model was designed as per the measurements of the toilet bowl in an airplane. For
our easy understanding, a simpler model was designed in Star CCM+. Physical conditions were
applied with modifications in mesh conditions, change in inlet turbulence intensity and change in
the turbulence model. After all these changes a set of default conditions was derived and used for
further analysis. Aero-acoustic models including Proudman, Curle, LEE and LILLEY were
analyzed. The tolerance for the CFD solution converges at 10e-6 for 2000 iterations.
It was also found out that the pressure difference plays an important role in the generation of
noise and its reduction. The turbulent kinetic energy helps in the generation of noise, and with its
increase the sound will increase. The vortex formed due to the turbulent air flow also plays an
important role in the generation of noise. Other noise source models were analyzed to find out
other places where the sound might be produced from, for example Curle model talks about
sound only in the surface.
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For the analyzed geometry model the value of Proudman acoustic power was 105dB.With
changes made in the throat length of the geometry at the outlet and the throat height at the
curvature, results involving different scalar functions contours were analyzed. These contours
included velocity, pressure, turbulent viscosity and turbulent kinetic energy. With the increase in
the throat length at first there has been a decrease in the levels of Proudman acoustic power dB
from 105 – 101 for an increase of 10mm. But later with increase the sound began to increase.
Now the same changes were applied to the height of the curvature and an increase of 1.2mm and
2.4mm was analyzed. The results of Proudman acoustic power dB were reduced in the
logarithmic scale from 105 –99 dB.

REFERENCES

[1] Ali Uzun and Yousuff Hussaini, M., Aug 2009, “Simulation of noise generation in a nearnozzle region of a chevron nozzle jet”, AIAA Journals.
[2] Min Jiang, Xia dong li and Jia Jian Zhou “Experimental and numerical investigation on
sound generation from air-flow interaction”, Applied Mathematics mechanical engineering
education, pp. 765-776
[3] Reethof, G., 1978, “Turbulence generated noise in pipe flow” Annual review of fluid
mechanics, 10, pp. 333-367.
[4] Damberg W., Foss T., 1982, “Statistics of frequent noise sources” (in German: Statistik
häufiger Lärmquellen). Zeitschrift für Lärmbekämpfung, 29, p. 55-59.
[5] Ffowcs Williams, J.E., Hall L.H., 1970, “Aerodynamic sound generation by turbulent flow in
the vicinity of a scattering half plane”, J.Fluid Mechanics, 40, pp. 657-670.
[6] Wang, M. & Moin, P., 2000, “Computation of trailing edge flow and noise using large eddy
simulation”, AIAA Journal, 38, pp. 2201-2209.
[7] Proudman, I., 1952, “The Generation of Noise by Isotropic Turbulence”, 214.
[8] Davis, M.R. & Pan, N.H., 1993, “Noise Generated by A Turbulent Jet Interacting with A
Rigid Plate”, Journal of Sound and Vibration, 167, pp. 165-181.
[9] McWILLIAMS, J. C., WEISS, J. B. and YAVNEH, I., 1999, “The vortices of homogeneous
geostrophic turbulence”, J. Fluid Mech, 401, pp. 1-26.
[10] Jeon, W.H., Rew, H.S. and Kim, C.J., 2004, “Aeroacoustic Characteristics and Noise
Reduction of a Centrifugal Fan for a Vacuum Cleaner”, KSME International Journal, 18, pp 185192.
[11] Kurihara, E. and Hamakawa, H., 2012, “Correlation between Aerodynamic Noise and
Velocity Fluctuation of Tip Leakage Flow of Axial Flow Fan”, Open Journal of Fluid Dynamics,
2 , pp. 1-7 .
[12] Stewart, N.D., 2011, “An experience reducing toilet flushing noise reaching adjacent
offices’, Acoustical Society of America, 129.
[13] Marsh, E.A., 1904, “Flush Valve”, Patent:US758012.

76

[14] Bruel and Kjaer, “Optimising Toilet Flushing Sound”, Case Study Sloan Flushmate.
[15] Antaki, P., 2005, “Noise cancelling toilet”, Patent:US20060039569 A1
[16] Lindsay, R.B., 1964, “Lindsay’s wheel of Acoustics”, Acoustic Society America, 36,
pp.2242.
[17] Rienstra, S.W. and Rischberg, A., 2004. “An Introduction to Acoustics”,
https://www.win.tue.nl/~sjoerdr/papers/boek.pdf
[18] Layton, W. and Novotny, A & Alazard, T., 2008, “On Lighthill’s Acoustic Analogy for
Low Mach number flows”, Architectural rational Mechanical analysis, 180, pp. 1-73.
[19] Grace, M.S., “Compuational Methods of Aeroacoustics”,
http://www.bu.edu/ufmal/files/2011/08/tutorial.pdf
[20] "How does the toilet in a commercial airliner work?", 2000,
http://science.howstuffworks.com/transport/flight/modern/question314.htm.
[21] Tennekes, H. and Lumley, J.L., 1972, “A First course in Turbulence”,
https://mitpress.mit.edu/books/first-course-turbulence
[22] Ting, L. and Klein, R., 1991, “Viscous Vortical Flows”, Lecture notes in Physics, 374.
[23] “Aeroacoustics in Star CCM+”,
http://www.cd-adapco.com/products/star-ccm%C2%AE/aeroacoustics
[24] “K-Epsilon Turbulence”,
https://en.wikipedia.org/wiki/K-epsilon_turbulence_model
[25] “K-Omega Turbulence”,
https://en.wikipedia.org/wiki/K%E2%80%93omega_turbulence_model

